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Abstract 

Dalitz decays of u and p mesons, u —* ir°j* —* 7r°e + e~ and p° —* ir°j* —* 7r°e + e _ , produced 
in pp collisions are calculated within a covariant effective meson-nucleon theory. We argue that 
the uj transition form factor i ? a; __ >7r o 7 » is experimentally accessible in a fairly model independent 
way in the reaction pp — > ppir°e + e~ for invariant masses of the ir°e + e~ subsystem near the 
lu pole. Numerical results are presented for the intermediate energy kinematics of envisaged 
HADES experiments. 
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I. INTRODUCTION 



The investigation of vector meson production in nucleon-nucleon (NN) reactions rep- 
resents an interesting topic with various implications. For instance, it is known that the 
effective repulsive NN forces at short distances can be described, within a boson exchange 
model, by the exchange of p and u mesons so that a study of their contribution to the 
iViV elastic amplitude and to the meson exchange currents in elastic scattering processes 
off light nuclei can substantially augment the knowledge of the short-range part of the 
NN potential. Another important issue of vector meson production in NN collisions is 
related to electromagnetic probes of strongly interacting systems. As vector mesons carry 
the J p = 1~ quantum numbers as the photon, they couple directly to real and virtual 
photons. The latter ones can be converted into di-electrons in an s-channel process, such 
allowing a direct access to the spectral distribution of the parent vector meson, even when 
embedded in strongly interacting matter. (The strong decay channel products would suf- 
fer from final state interaction with the ambient medium. Thus, the di-electron channel 
serves as direct or penetrating probe [1].) 

Furthermore, the decay uj — > 7r°7 was recently experimentally studied in photo- 
excitation of nuclei [2]. The difference of the strength distribution of the parent uj for 
different target nuclei has been ascribed to a medium modification [3] . Such medium mod- 
ifications are of particular importance for understanding the electromagnetic emissivities 
of highly excited, strongly interacting systems, e.g., created in the course of relativistic 
heavy-ion collisions. An extreme option is that the resonances, including the p and uj 
mesons, are molten once the deconfinement and chirally restored phase is entered [4]. 

Another aspect is to supply information on production of vector mesons in nucleon- 
nucleon reactions with similar quantum numbers but rather different quark content, such 
as uj and <fi mesons [5-8], which is interesting with respect to the Okubo-Zweig-Iizuka rule 
[9] and hidden strangeness in the nucleon. 

A particularly interesting subject is the decay of a vector meson. Besides the above 
mentioned direct di-electron decay, V — > e + e~, where V stands generically for a vector 
meson, valuable information on the half-off-mass shell decay vertex V — > n^* — > ire + e~ 
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and related transition form factors (FF) can be obtained. The functional dependence of 
FF's upon the momentum transfer encodes general characteristics of hadrons, such as 
charge and magnetic distributions, size etc. The mentioned u> transition FF is related to 
the ratio of matrix elements (cj|7r°7*)/(c<j|7r 7). 

FF's are also known as important objects for studying bound states within non- 
perturbative QCD. Theoretical tools for exclusive processes within non-perturbative QCD 
are approaches based on light cone sum rules and factorization theorem (see [10-14] and 
references therein). 

In deep-inelastic scattering processes, an investigation of FF's in a large interval of 
momentum transfer, including the time-like region, serves as an important tool to provide 
additional information about the various QCD regimes and on the interplay between 
soft and hard contributions. For instance, it has been found that the soft part can be 
treated as contribution of configurations in the Fock space with a minimal number of 
quark constituents. This can be considered as a justification for approaches based on the 
relativistic quark constituent model for a covariant treatment of mesons as two-particle 
bound states (see refs. [15, 16] for details of covariant description of mesons within Bethe- 
Salpeter like approaches); correspondingly computed FF's serve as tests of models [15-20]. 

Besides the mentioned QCD-motivated approaches there is a number of more phe- 
nomenological models, e.g., based on the dispersion relation technique [19, 21], or on 
the use of vector meson dominance (VMD) models [22-24] or with effective SU(3) chiral 
Lagrangians with inclusion of the non-Abelian anomaly [24-26]. 

Traditionally, the electromagnetic FF's are studied by electron scattering off stable 
particles which provides information in the space-like region of momenta where, as well 
known, the experimental data can be peerless parameterized by dipole formulae. This in 
turn means that in the unphysical region, i.e., for kinematics unreachable by experiments 
with on-mass shell particles, the analytically continued FF's exhibit a pole structure. 
Intensively studied FF's are the ones of the pseudoscalar mesons, chiefly the pion. Light 
vector meson FF's have received less attention since their experimental determination is 
more difficult. However, new detector installations, like the spectrometer HADES [27], 
can detect di-electrons production in proton-proton (jyp) collisions in a wide kinematical 
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range of invariant masses with a high efficiency. Thus, a precision study of the transition 
FF for the u — > 7r°e + e~ process becomes feasible. 

The process of vector meson Dalitz decay can be presented as (see Fig. 1) 

V ^P + 7*^P + e- + e + (1.1) 

where P denotes a pseudoscalar meson. Obviously, the probability of emitting a virtual 
photon is governed by the dynamical electromagnetic structure of the "dressed" transition 
vertex V — > P which is encoded in the transition FF's. If the particles V and P were 
point like, then calculations of mass distributions and decay widths would be straightfor- 
ward along the standard quantum electrodynamics (QED) technique. Deviations of the 
measured quantities from the QED predictions directly reflect the effects of the FF's and 
thus the internal hadron structure, and, consequently, can serve as experimental tests to 
discriminate the different theoretical approaches. 

First experimental measurements of the u transition FF [28-31] have pointed to a 
discrepancy with theoretical pre(post)dictions [15, 21, 25] in the time-like region. Cal- 
culations based on VMD do not satisfactorily describe the data. A better description 
can be achieved with dispersion relation calculations [21] or within models based on the 
Dyson-Schwinger equation [15]. All these approaches provide rather different transition 
FF's, with the difference increasing with the momentum transfer. However, the available 
experimental data is still too scarce for a preferable choice of the approach, and addi- 
tional data is needed. In this context, forthcoming data from the HADES collaboration 
at the heavy ion synchrotron SIS18/GSI Darmstadt [27] will substantially contribute to 
our understanding of the problem. 

HADES is a detector installation optimized for studies of processes with a e + e~ pair 
in one of the final states in reactions of hadrons (p,ir) and various nuclei, i.e., pp, np, 
Dp, pA, ixA, AA etc. near the p, uj and <fi thresholds. In the present paper we study 
the di-electron production from Dalitz decay of the lightest vector mesons in pp reactions 
at beam energies of a few GeV for kinematical conditions corresponding to the HADES 
setup. Our focus is to investigate the transition FF uj — > n°e + e~ . To this end we calculate 
the dependence of the differential cross section for the reaction pp — > pp7i°e + e~ upon the 
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invariant mass of the subsystem 7r°e + e~ around the pole masses of p and uj mesons and 
find a kinematical range where the contribution of p is sufficiently small and the cross 
section is dominated by Dalitz decays of uj mesons. We calculate the double differential 
cross section averaged in a suitable kinematical range as a function of the di-electron 
invariant mass and argue that such a quantity, normalized to the real photon point and 
supplemented by some specific kinematical factor, represents the desired transition FF. 
In such a way a direct experimental investigation of the uj transition FF is feasible. 

Our paper is organized as follows. In section 2 we introduce the uj — > 7r°7* transition 
form factor. Section 3 is devoted to the theoretical background for dealing with the 
reactions pp — > ppuj — > ppir e + e~ andpp — > ppp — » ppn°e + e~. Numerical results are 
presented in section 4. The conclusions are summarized in section 5, and some formal 
relations for an integration procedure are relegated to the appendix. 



II. THE TRANSITION FORM FACTOR 



Consider the process of a Dalitz decay of a vector meson into a pion and a virtual 
photon (di-electron) of the type (1.1). The effective Lagrangian describing the vertex 
V -> 7T°7 reads [20, 23, 24] 

= / V7r o 7 (e IH/af >& l A v dP l & v ) (2.1) 

where A u is the electromagnetic four-potential, $y denotes the neutral vector meson fields 
uj or p, respectively, stands for the n° part of the isovector 4> n pion field, and fvn°~/ is 
the corresponding coupling constant. The decay width is calculated from (2.1) as 



1 / \(S V , 0,/4) V% 

12tt I 4s v J Jvn ^ 



/y7r -Y ( 2 - 2 ) 



and serves for a determination of the coupling constant f V7T o 7 from experimental data. A 
is the kinematical triangle function, X(x,y,z) = (x — (^/y — \fz) 2 ){x — {■ s /y+ y/z) 2 ) and the 
square of the 7r°7 invariant mass is denoted by Sy. Experimentally, the branching ratios 
Ti/T tot for uj -> vr°7 and p -> tt°7 are known, being (8.9lo;i) • 10" 2 and (6.1 ± 0.8) • 10~ 4 
[32]. Eq. (2.2) yields / W7r o 7 ~ 0.72 GeV' 1 and / p7r o 7 ~ 0.25 GeV' 1 for the known total 



widths T w = (8.49 ± 0.08) MeV and T p = (146.5 ± 1.5) MeV. For the reaction (1.1), 
however, the emitted photon is virtual and, consequently, the Lagrangian (2.1) must be 
supplemented by including the corresponding transition FF V — > P. Then, for the u 
meson one has 

(2 - 3) 

where s 7 * is the di-electron invariant mass squared. Formally, eq. (2.3) can be considered 
as the definition of the transition form factor. Direct calculation of the diagram Fig. 1 
with the Lagrangian (2.1) results in 

A 3 / 2 (sy,S 7 *;/4)- 



<is 7 * 37rs 7 » X 3 / 2 (s v , 0, nl) 

dT, 



-r w ^. 7 |F ww o 7 .(s 7 .)| ■ (2-4) 



The mass distribution w ~* n e e is determined by (i) a purely kinematical (calculable) 

as 7 * 

factor, (ii) the decay vertex into a real photon (known from experimental data) and (iii) 
the (yet poorly known) transition FF F un o^* (s 7 *). Hence, eq. (2.4) demonstrates that by 
measuring the invariant mass distribution one can get direct experimental access to the 
uj transition FF [28-31]. 

As mentioned above, the transition FF's are important objects of theoretical calcula- 
tions for tests and discrimination among the multitude of approaches. The simplest and 
quite successful theoretical description of FF's can be performed [22, 24, 25] within the 
VMD conjecture, and a reasonably good description of elastic FF's in the time-like region 
has been accomplished. By using the current-field identity [24] 

M 2 M 2 
J" = -ey^o - e-^ (2.5) 

with the coupling constants / 7P and / 7W known [33, 34] from experimentally measured elec- 
tromagnetic decay widths, one can also compute the transition form factor F^Jf® (s 7 ») by 
evaluating the corresponding Feynman diagrams (see fig. 2). Contrarily to the elastic case, 
the FF computed within such an approach exhibits disagreement with data (see below). 
This immediately implies that with only one (local) FF it is not possible to satisfactorily 
describe [25, 34] the transition vertex, and the simple p/uo dominance model must be, at 
least phenomenologically, supplemented with heavier mesons to modify appropriately the 
shape of the transition vertex [22]. 
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III. THE REACTION pp -► p P 7r e+e 



Consider now the di-electron (e + e ) production in the exclusive reaction 



N, + N 2 -> N[ + N' 2 + 7t° + e+ + e 



(3.1) 



for which the process (1.1) enters as a subreaction. The invariant cross section is 



where the factor \/n\ accounts for n identical particles in the final state, |T| 2 denotes the 
invariant amplitude squared, and the invariant phase volume d.Tf is 



R 2 (a + b^c + d) = d 4 P c d 4 P d 5^(P a + P b -P c -P d )5(P?-ml) 5 (Pj - m 2 d ) , (3.4) 



where Pi, P 2 and P[, P 2 ,ki,k 2 , k n are the four- momenta of the initial and final particles, 
respectively; m denotes the nucleon mass, while the electron mass can be neglected for 
the present kinematics. The invariant mass of two particles is hereafter denoted as s. The 
invariant phase volume drf in (3.3) has been chosen within the so-called "duplication" 
kinematics [35], i.e. the one which exploits invariant two-dimensional phase volumes R 2 
describing (kinematically) the decay of a real or virtual particle with the invariant mass 
squared s into two particles, which can also be either real or virtual. This kinematics is 
schematically depicted in Fig. 3. 

The invariant amplitude T is evaluated here within a phenomenological meson-nucleon 
theory based on effective interaction Lagrangians which include scalar (a), pseudoscalar 
(tc), and neutral (cu) and charged/neutral vector (p) mesons (see [5-7, 36-38]) 




d n r f = ds 12 ds v ds r R 2 (P 1 + P 2 ^P V + P 12 )R 2 (P 12 -> P[ + P 2 ) 
x R 2 {P V + P 7 ) P 2 (P 7 -> h + k 2 ) 



(3.3) 



with the two-body invariant phase space volume R 2 defined as 




(3.5) 
(3.6) 
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Cnn p = -9nn p (n^tN*/ - ^Na^rNdT*/} , (3.7) 

Cnnu, = Qnnijj (n^N<P£ - ^Na^NdT^j , (3.8) 

where N and <P denote the nucleon and meson fields, respectively, and bold face letters 
stand for isovectors. All couplings with off-mass shell particles are dressed by monopole 
form factors F M = (A 2 M — p 2 M ) / (A 2 M — k 2 M ), where k 2 M is the four-momentum of a virtual 
particle with mass pu- At p/u threshold- near kinetic energies, contributions from heavier 
mesons (0, a\ ...) can be neglected, and we consider first only the Dalitz decays of p and 
uj mesons. 

The Lagrangians (3.5 - 3.8) generate two classes of Feynman diagrams: (i) the ones 
which describe the Dalitz decay of a vector meson created from nucleon bremsstrahlung 
due to NN interaction (via a one-boson exchange potential), see Fig. 4a, and (ii) Dalitz 
decay of a vector meson, uj or p, from a conversion of virtual n and p (or tt and a;) exchange 
bosons into an intermediate vector meson, i.e., from the internal pnu vertex, see Fig. 4b. 
The result of a calculation of these diagrams can be cast in the form of a current-current 
interaction 



T = J a (12 -> 1'2'V) 



/ a papP 



P 2 - My P 2 



{e^P^jl) , (3.9) 



where j± = u(ki)'y tJ, v (k 2 ) is the electromagnetic current of the final lepton pair, and 
J Q (12 — > 1'2'V) stands for the current corresponding to the vector meson production in 
iVW interaction, i.e., the Feynman diagrams iViV — * NNV [5] with the vector meson lines 
truncated (cf. Fig. 4). 

The amplitude T consists of two parts: one ( J a (12 — > 1'2'V)) describing the production 
of vector mesons, and the other one (epvpp'PfiPv 3±) being proportional to the ampli- 
tude of Dalitz decays of the produced mesons. This prominent feature of the amplitude 
allows to substantially simplify the expression for the cross section. In the square of the 
amplitude one can separate groups of terms which depend only on a part of variables 
(connected with decay vertices), and correspondingly the multidimensional integral (3.2) 
can be partially factorized. Note that the decay part (e^pp/P^Py j±) can also be writ- 
ten in the form of a current-current interaction J(0) V {V — > 77r)j^. Note also that all 



these currents are conserved, i.e. P^J^ = 0. These circumstances allow one to reduce 
the dimension of the integral (3.2) by carrying out some of the integrations analytically. 
For instance, the summation in the square of the amplitude over the di-electron spins re- 
sults in a quantity (known as the leptonic electromagnetic tensor, see below) which solely 
contains the whole dependence upon the momenta of the di-electron. This means that 
the corresponding integral over R 2 ('J h + h) can be evaluated independently of other 
integrations. Moreover, since P^ > is time-like, one can perform the integration in the 
system where the virtual photon is at rest [37] and where the integration is particularly 
simple: R 2 = <ifi£/8 and the time components of vanish. For the leptonic tensor 

= A[k^P» + k\P» - lKk\ - ^V")] (3-10) 

one has 

F"(k u k 2 , P r )dfl* k = \ -g^ + . (3.11) 



I 1 v-------/ /— « 3 

In a completely analogous way one can integrate over the phase volume R 2 (V — > tv-/) 
(see Appendix A). The result is 

T^~= I ] ,U ' n <o\A Z [\M\Wr(s 12 ,P v ,P{,P>), (3.12) 
ds r ds v 2^s (s - Am 2 ) ( 27 4 ^1/ 

spins 



\M 



J \A\ 2 R 2 (Pv -> P r + K) i? 2 (P 7 * -> h + k 2 ) 



2 J 

spms± 



a em 1 j, |2(2tt) 3 ,3/ 2 \ 

x J (} (XX - \ W ) [ p , - ^ I J.I 1 -Y.Y _ \ W (3.13) 

where the phase volume corresponding to the process of pure vector mesons production 
in NN interaction, and ds 12 R 2 {P l + P% -> Pv + ^12)^2(^12 -> A' + ^2) is denoted as 
d t(si 2 , P v , P[, P 2 )- In principle, since PyJ a = 0, the term proportional to v pl v can be 
omitted. We keep it for further convenience for the interpretation of results. 
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IV. RESULTS 



Expressions (3.13) and (3.12) determine the cross section for di-electron production 
within the effective meson-nucleon theory. In our calculations of the nucleonic current 
J a (NN — > NNV) we use the explicit expressions for the conversion and bremsstrahlung 
diagrams quoted in ref. [5]. As mentioned above, the Dalitz decay of the p meson also 
contributes as interference effect, so that the current J a (NN — > NNV) and, consequently, 
the total amplitude T is a sum of two terms. Since both p and uj are not stable the 
corresponding masses receive imaginary parts, i.e., My — > My — iM v T v /2, where T v is 
the total decay width of the respective vector meson. The p meson decays mainly into 
two pions. Consequently, its width, as a function of the invariant mass Sy is given by 



T w 0.009 GeV in the present calculations. All other effective constants entering into 
the Lagrangians (cut-off form factors, coupling constants, meson masses) have been taken 
from ref. [5]. Final state interaction (FSI) among the nucleons have been calculated within 
the Jost function formalism [39] which reproduces the singlet and triplet phase shifts at 
low energies. In principle, the nearly on-mass shell u and p mesons in the intermediate 
states can also interact with the nucleons. The magnitude of such corrections has been 
estimated in ref. [40] by a simulation of rescattering vector mesons off nucleons. The 
result is that FSI effects from the uj meson rescattering are small. Consequently, due to 
the finite life time of the uj meson, the reaction product from the Dalitz decay, the pion, 
is separated in time-space from the nucleons, and effects of nN rescattering in the final 
state have not been included. 

Results of calculations of the mass distribution da/dsy are presented in Figs. 5 and 
6 in linear and log scales, respectively. We have chosen as kinetic beam energy T beam = 
2.2GeV, similar to the HADES proposal [27]. The dashed line is the contribution from 
Dalitz decay of uj mesons uj — > 7r°e + e~, the dot-dashed line is the corresponding p meson 
contribution, and the solid curve is the total cross section, including interference effects 




(4.1) 



where 




The width of the uj meson has been kept constant 
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as well. It can be seen that in the very vicinity of the uj pole the contribution from p 
mesons is fairly small. This is an understandable result, since the branching ratio for the 
Dalitz decay of p meson is much smaller than that for the uj meson [32] . However, as seen 
from Fig. 6, outside the uj pole mass the interference effects are rather significant. Note 
that in the direct di-electron bremsstrahlung (two-body channel decay of vector mesons) 
the contribution of p can be competitive with that of uj [37]. 

The obtained results in Figs. 5 and 6 persuade us that for the invariant mass of the 
7re + e~ subsystem close to the uj pole mass, the contribution from p can be disregarded. 
This also implies that in the double differential cross section there is a suitable interval 
in vector meson mass sy in which the contribution from p can be neglected. 

In Fig. 7, results of calculations of the double differential cross section da/dsyds^* are 
presented as a function of the invariant mass squared of the di-electron, s 7 * , in a narrow 
bin covering the uj meson pole, i.e. at mass sy ~ Mj. It can be seen that in the whole 
kinematical range of the di-electron invariant mass the double differential cross section 
da I dsyds-f* displays a narrow pronounced peak, which is governed by contributions from 
Dalitz decays of uj mesons. This means that by selecting events with invariant masses sy 
of the e + e~7r system in this interval and varying the invariant mass s 7 * of di-electrons, 
one can experimentally study the process (1.1) in pp collisions. Let us recall in this 
context the studies [33, 41], where for the exclusive reaction nN — > Ne + e~ the quantum 
interference of intermediate p and uj mesons have been analyzed. In certain kinematical 
regions this interference is fairly severe and may hamper a clear distingtion of p — > e + e~ 
and uj — > e + e~ contributions. In this respect, our calculations support a good prospect 
to isolate the uj — > 7re + e~ subreaction vs. the p — > 7re + e~ part in the exclusive reaction 
pp — > pp7i°e + e~ . For a further discussion of interference effects see below. 

Let us now focus on the part of the diagrams describing the Dalitz decay of the produced 
vector mesons in the vicinity of the invariant mass Sy = s u . If the contribution from only 
one vector meson (e.g., the uj meson) is taken into account then, as seen from eqs. (3.13) 
and (3.12), the cross section can be presented in the factorized form 



d 2 a ^Jsy/n 



I 



d 5 a tot (NN -> NNV) 



dT(V -> 7r°e+e-) 

dSy 



(4.2) 



ds r dSy (sy - Myf 
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where 



d b a tot (NN -> NNV) 



1 1 1 



2^/A(s , m 2 ,m 2 ) ( 2yr ) 5 4 



nucl.-V 
spins 



(4.3) 



is exactly the total cross section of real vector meson production in NN reactions [5, 37]. 
In eq. (4.3) we formally introduced a polarization vector £ Av which corresponds to a real 

I Q „ pa pP 

vector meson V with mass s v , J2\ v £\ v £\y — ~9 H — ^r 1 - Note that eqs. (4.2) and 
(4.3) can be easily generalized for contributions from few mesons: in such a case, the 
cross section will consist on a sum of two-step like cross sections (4.2), corresponding to 
each meson, and interference terms. In the mentioned kinematical bin our cross section 
coincides with the one obtained within a two-step mechanism with one isolated meson. 
However, outside this kinematical region this is not longer the case, since, apart from 
interference effects, even the cross section (4.3) is not anymore an experimentally well 
defined quantity, but rather describes the production of a (deeply) virtual vector meson 
V (see discussion in [37]). 

From (2.4), (4.2) and (4.3) it can be seen that the dependence upon the kinematical 
variables of the subprocesses NN — > NNV and uo — > 7r°e + e~ can be, in principle, sepa- 
rated in a model independent way by performing measurements of the double differential 
cross section d 2 a / 'ds^dsy keeping the invariant mass Sy constant and varying the di- 
electron mass s 7 *. In such a way one can extract the transition FF in the same manner 
as in [28-31]: Define the quantity 



where (. . .) denotes an average about the ui pole mass corresponding to the experimental 
mass resolution (say, 3.5 % as envisaged for forthcoming measurements at HADES [27]), 
and s min > 4ml * s ^ ne minimum value of the di-electron mass which plays a role of a 
normalization point. Then, as seen from eqs. (2.4) and (4.2), in the kinematical range, 
where the contribution of Dalitz decays of p mesons and interference corrections are 
negligible, the defined quantity (4.4) represents indeed the transition FF F W7r o 7 . . 

In Fig. 8 results of calculations of the extracted FF (4.4) are presented for two different 




(4.4) 
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choices of parametrization of the input form factors. The dashed line is the subtracted 
FF with a VMD parametrization for both p and uj mesons, 



M 2 M 2 



while the solid line is the result for a nonlocal, pole-like structure of the ui meson FF 

^rx*(v) = fi- J ] 1 ■ (4.6) 



(0.65 GeV) 2 , 

For orientation, the previous experimental data on the u meson transition FF, extracted 
from the reaction ir~p — > uon — > n-K°p + p~ at pion beam momenta of 25 and 33 GeV/c [28- 
31] is also presented in Fig. 8. A comparison of the extracted FF's with the corresponding 
inputs shows that for the considered kinematical conditions, they differ by less than 
0.5% which demonstrates that, if the cross section is really dominated solely by resonant 
processes with uj and p decays alone, the defined ratio (4.4) can indeed serve as convenient 
formula to extract the FF's from experimental data from pp collisions with high accuracy. 

However, actually for processes of NN scattering with a pion and a di-lepton in the 
final state, other, non-Dalitz type, diagrams can contribute to the cross section. In the 
restricted region M n o e + e - ~ M w these diagrams play a role of a smooth background and, 
in principle, can obscure the procedure of extracting FF's by eq. (4.4). To estimate 
the effects of the background one can globally mimic it by one Feynman diagram with 
production and decay of an effective heavy vector meson into the considered final state 
with effective (freely adjustable) constants. As seen from eq. (3.12) the structure of the 
cross section is as 



7 „ i r) 2 



ds y *dsv 



-J d^(s r ,s v ,s 12 ,P t )J^ NN - 



M 2 



p 2 - (m v - ir v y 



j+W^v), (4.7) 



where <i$(s 7 », sy, S12, Pi) is a kinematical function proportional to the phase space volume 
d 5 r(si2, Py, P'\i Pi)- Then it is clear that the resonance structure is governed by the 
propagator of the uj meson, whereas the sub-diagram AW — > NNV provides a smooth 
dependence of the cross section up on sy. Correspondingly, one can suppose that the 
background cross has the same functional dependence on kinematical variables as the 
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sub-diagram NN -> NNV, i.e., it is the same as J^ N ^ v \u) J + ^ NN ^ v \u) with a non- 
resonant (constant) propagator. As an easily trackable procedure we put the mass of the 
effective particle M bkgr 3> M w and adopt the background cross section in the form 

(bkgr) ^ 

~ - J Hs r ,S V , S 12 , Pjjjprij+Kbkgr) d 5 r? (4g) 

where jf k9r) ~ ±j{nn^nnu)^ and the f unction ${s r , Sv , s 12 , P { ) is chosen such that the 
contribution of the background near the u pole is ~ 10%. This order of magnitude can be 
estimated from available experimental data [28]. Note that the current J^ kgr \ likewise the 
uj and p currents, must be transversal, i.e., jj^ k9r ^Py = 0, which implies that this quantity 
necessarily depends on kinematical variables, say J^ k 9 r ) = j( bfe9r )(s T », s y , s 12 , Pj). This 
means that this current can not be parameterized in an arbitrary form; at least the 
condition jf^ k9r \s r ,s v , s 12 , Pi) P£ = must be fulfilled. 

In Figs. 9 and 10 results of calculations of the cross section (3.12) with including the 
background (4.8) are presented. In Fig. 9 the relative sign of the background current is 
chosen positive (the interference is almost everywhere destructive), whereas in Fig. 10 the 
sign is negative (the interference is mainly constructive). The background (4.8) provides 
a smooth contribution to the resonant cross section; at u> peak it is about 10%, as dialed. 
However, the interference effects are rather important here and can result in corrections 
up to 55% in the maximum. Figs. 9 and 10 also demonstrate that in case of a construc- 
tive interference the resulting cross section (solid lines) is always larger than the cross 
section without background contributions (dashed lines), whereas in case of a destructive 
interference the corresponding cross section is smaller near the peak and larger outside. 
These circumstances are rather important in the integrated cross sections since in the 
latter case the contribution of the background is partially compensated in the integral so 
that the FF's extracted via eq. (4.4) can be quite different in the two cases. This situation 
is illustrated in Fig. 11, where the input FF and the extracted FF are compared. One can 
conclude that a constructive interference of the background may cause some uncertainty 
in the procedure of the experimental determination of the u transition FF's. 



da 



ds~f*dsv 
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V. SUMMARY 



In summary, we have analyzed the di-electron production from Dalitz decays of light 
vector mesons produced in pp collisions at intermediate energies. The corresponding cross 
section has been calculated within an effective meson-nucleon approach with parameters 
adjusted to describe the free vector meson production [5, 6] in nucleon-nucleon reactions 
near the threshold. A possible smooth background contribution to the process has been 
evaluated as well. Particular attention is paid to the problem of whether it is possible to 
determine in such reactions the vector meson transition form factors. We argue that by 
studying the invariant mass distribution of the final ne + e~ subsystem as a function of the 
di-electron mass in a narrow kinematical interval near the ui meson mass one can directly 
measure the u meson transition form factor F W7r o 7 . in, e.g., pp collisions. Such experiments 
are envisaged at HADES and our results may serve as predictions for these forthcoming 
experiments. The uncertainties of a procedure to extract F wn oy depend upon the scale of 
the background processes and are expected to be small if the interference is destructive. 
Experimental information on form factors is useful for testing QCD predictions of hadronic 
quantities in the non-perturbative domain. 
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APPENDIX A: INTEGRATION OVER DECAY VERTICES 

The decay part (e^pp/P^Py j±) in eq. (3.9) can be written in the form of a current- 
current interaction, J(p) v {V — > 7r°7)j^, where j± is the electromagnetic current of the 
di-electron, and the decay current is J{p) v ~ e^pp/P^Py . In the square of the amplitude 
these currents form the corresponding electromagnetic (I 1 "") and decay {X{ppi)wi) tensors, 
respectively. Obviously, both currents, j± and J(p) v , an d consequently, both tensors are 
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conserved: 

Pjluul = Pjlvul = 0; PyT(fifil)vvl = PyT{^i)vvl = 0. (Al) 

Consider now the integral over the di-electron phase volume. The electromagnetic tensor 
(3.10) depends only on the momenta of the virtual photon and di electron, so that the 
Lorentz structure, after integration over #2(7 - ► e + e~), will be governed by only two 
terms: one proportional to the metric tensor g vv ' and another one proportional to P"*P"l: 

J r'(h, k 2 , P r )R 2 (l -> e+e") = a l9 vvl + a 2 P»*P»l. (A2) 

Equation (Al) implies that a\ = —a 2 s 1 *. Multiplying (A2) by g vv , one gets 

<* = -\j K k i p r) ~ Vl^k = y , (A3) 
J r'(h, k 2 , P r )ife( 7 - e + e") = fs r (-<r> + . (A4) 

Analogously, one has for the decay tensor T\p^ vv , 

j ^ij,uaf3 e n/ualf3lP^*Pj*PvPv ' ^(Pv ~^ ^tt + P-y*) = a \9^' + Oj 2 PyPy (A5) 

with ai = —a 2 sy and a x = — — A 3//2 (sy, /i 2 , s 7 *) and 

12sy 

/ e^pe^^Plf.P^P^iPv - ^+P r ) = -^-A 3 / 2 (s y ,/i',s 7 *) (-^' + ■ 

^(A6) 
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FIG. 1: Left part: Dalitz decay of a vector meson with energy squared sy into a pion (it) and 
a di-electron (Zi, ^2)- Right part: the transition form factor is normalized at the photon point, 



i.e., 



= 1. 
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FIG. 2: Diagrams for calculation of the transition form factor F u)7ry (s^*) within the VMD model. 
Diagrams in a) correspond to the current-field identity (2.5), while diagram b) is the Dalitz decay 
within the VMD model. 
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FIG. 3: Illustration of the choice of the independent variables for the process NN — ► NN + tt + 
e + e _ within the duplication kinematics [35]. The invariant mass squared of two final nucleons 
is S12, while the invariant mass of the subsystem 7re + e~ is sy. The diagram depicted in left part 
of Fig. 1 enters here as a subprocess. 




a) b) 

FIG. 4: Diagrams for the resonant part of the process NN — > NN + 7r + e + e~ within an effective 
meson- nucleon theory with Lagrangians defined by eq. (3.8). a) Dalitz decay of oj meson from 
bremsstrahlung diagrams, b) Dalitz decay of u mesons from internal conversion. Analogous 
diagrams hold for the p meson. 
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FIG. 5: Differential cross section dajdsy for the reaction pp — > pp + it + e + e~ for the kinetic 
beam energy Tf, eam = 2.2 CeF. Sy 2 is the invariant mass of the subsystem 7re + e _ . Dashed and 
dot-dashed lines are contributions from decay of ui and p mesons, respectively, while the dotted 
line is the total distribution with interference effects. The transition form factors, entering as 
input into the calculations, have been computed within the VMD Model (see Fig. 2). 
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FIG. 6: The same as in Fig. 5 but in a log scale. Left to the u peak the contribution of the p 
meson manifests itself as interference effect. 
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FIG. 7: The double differential cross section da/dsyds-y* in the vicinity of the u pole mass 

1/2 

sj = 0.782Gey as a function of the di-electron invariant mass squared s 7 *. The interval for 
the oj mass has been chosen with respect to the envisaged HADES resolution ~ 3.5% [27]. 



24 




FIG. 8: The ratio (4.4) calculated at Tb eam = 2.2 GeV with two different transition form factors: 
the dashed line corresponds to the VMD model (4.5), while the solid line is for the dipolc 
formula (4.6). The averaging in (4.4) has been performed in the ±3.5% vicinity of the u> pole 
mass. Experimental data are from ref. [28]. 
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FIG. 9: The double differential cross section da/dsyds^* as a function of Sy in the vicinity of the 
u> pole for Tb eam = 2.2GeV with background contribution taken into account. The relative sign 
between the resonant and background amplitudes is chosen positively resulting in a constructive 
interference. The dashed line corresponds to the resonant contributions of diagrams with uj and 
p Dalitz decays (cf. Fig. 7), the dotted line corresponds to the background contribution alone, 
and the solid line is the resulting total cross section. The employed transition form factor is for 
the VMD model eq. (4.5). Left (right) panel is for = (0.19) GeV. 
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FIG. 10: The same as in Fig. 9 but with a destructive interference of resonant and background 
contributions. 
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FIG. 11: The extracted FF (solid curves) by using the ratio (4.4) calculated at Tf, eam = 2.2 GeV 
with inclusion of the background contribution. Dashed lines correspond to the input FF taken 
from the VMD model (4.5). The averaging has been performed in the ±3.5 % vicinity of the 
oo pole mass. Panels a) and b) correspond to destructive and constructive interference effects, 
respectively. 
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